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ABSTRACT
We present a new sample of strong gravitational lens systems where both the fore-
ground lenses and background sources are early-type galaxies. Using imaging from
HST/ACS and Keck/NIRC2, we model the surface brightness distributions and show
that the sources form a distinct population of massive, compact galaxies at redshifts
0.4 . z . 0.7, lying systematically below the size-mass relation of the global elliptical
galaxy population at those redshifts. These may therefore represent relics of high-
redshift red nuggets or their partly-evolved descendants. We exploit the magnifying
effect of lensing to investigate the structural properties, stellar masses and stellar pop-
ulations of these objects with a view to understanding their evolution. We model these
objects parametrically and find that they generally require two Se´rsic components to
properly describe their light profiles, with one more spheroidal component alongside
a more envelope-like component, which is slightly more extended though still com-
pact. This is consistent with the hypothesis of the inside-out growth of these objects
via minor mergers. We also find that the sources can be characterised by red-to-blue
colour gradients as a function of radius which are stronger at low redshift – indicative
of ongoing accretion – but that their environments generally appear consistent with
that of the general elliptical galaxy population, contrary to recent suggestions that
these objects are predominantly associated with clusters.
Key words: galaxies: elliptical and lenticular, cD – galaxies: evolution – galaxies:
structure – gravitational lensing: strong
1 INTRODUCTION
The discovery that massive, quiescent galaxies at redshifts
z > 2 are extremely compact (Daddi et al. 2005; Trujillo
et al. 2006; van Dokkum et al. 2008; Damjanov et al. 2009,
2011) relative to their local counterparts has opened the
door to important tests of our models of galaxy evolution.
? E-mail: loldham@ast.cam.ac.uk
While the hierarchical paradigm allows for the growth of
passive galaxies via dissipationless mergers at a rate which
may be able to account for the evolution that is required at
z . 1.5 (e.g. Nipoti et al. 2012; Newman et al. 2012; Posti
et al. 2014, but see also Sonnenfeld et al. 2014), this cannot
explain the amount of evolution observed at higher redshifts
or the tightness of galaxy scaling relations (Shankar et al.
2013). Adiabatic processes, such as expansion triggered by
quasar feedback (Fan et al. 2010), may also be important,
c© 0000 RAS
ar
X
iv
:1
61
1.
00
00
8v
1 
 [a
str
o-
ph
.G
A]
  3
1 O
ct 
20
16
2 L. J. Oldham et al.
and the role of progenitor bias, as opposed to the growth of
individual systems, remains unclear (Newman et al. 2012;
Carollo et al. 2013; Belli et al. 2014).
One potentially powerful way of distinguishing between
these scenarios is to quantify the morphological evolution of
these galaxies. Mergers and adiabatic expansion should each
leave particular imprints on the structure and stellar popu-
lations of a galaxy (Hopkins et al. 2009; Fan et al. 2010; Hilz
et al. 2013), and so it should be possible to set some con-
straints on their relative importance in individual systems
at lower redshifts. The studies of Stockton et al. (2014) and
Hsu et al. (2014) attempted this at redshifts z ∼ 0.5, us-
ing adaptive optics (AO) imaging of small galaxy samples,
and found a large fraction of flattened galaxies, suggestive of
disky or prolate structures, and low Se´rsic indices, possibly
consistent with the existence of accreted envelopes. How-
ever, discrepancies between stellar and dynamical masses in
both studies (which could be indicative of high stellar veloc-
ity anisotropies resulting from their flattened morphologies)
highlight the fact that their observations are really pushing
the capabilities of our current observing facilities.
Strong gravitational lensing, however, allows massive
galaxies in the Universe to act as natural telescopes. Because
lensing conserves surface brightness, a lensed background
source galaxy appears not only larger, but also brighter,
and this makes it possible to probe the light distributions
of very small objects with high signal-to-noise data (e.g.
Newton et al. 2011). Furthermore, the magnification bias
of strong lensing tends to favour compact sources, making it
an ideal tool to study a population of intermediate-redshift
massive, compact galaxies at much higher resolutions than
would otherwise be possible.
In this paper, we present a new sample of thirteen early-
type/early-type lens systems (EELs). These were identified
as lens candidates using the SDSS spectroscopic database
by searching for spectra that could be decomposed into
two early-type galaxy (ETG) spectra at different redshifts,
and confirmed using AO imaging in the K′-band as part of
the Strong lensing at High Angular Resolution Programme
(SHARP; Lagattuta et al. 2010). These now form roughly
half of the SHARP sample, and, in addition to the source
science presented here, will also be a critical resource for
SHARP’s ongoing substructure investigations (e.g. Vegetti
et al. 2012). The first EEL has already been shown to be a
massive, compact ETG at redshift z = 0.63, and was found
to require a two-component Se´rsic model to accurately fit
the surface brightness profile, including an extended low-
surface-brightness component (Auger et al. 2011), in line
with expectations of the effect of merging and accretion on
high-redshift nuggets (Hopkins et al. 2009). However, those
models were based on single-band AO imaging with an un-
certain PSF (whose broad wings generally affect the mea-
surement of the low-surface brightness outskirts); we now
have Hubble Space Telescope/Advanced Camera for Studies
(HST/ACS) images for all of the EELs, facilitating a much
more thorough study. Here, we analyse the entire sample
to investigate and exploit the idea that this relatively unex-
plored class of gravitational lenses naturally selects compact
nugget descendants.
The paper is structured as follows: we present the data
in Section 2 and our lens modelling methods and results in
Sections 3 and 4. We then investigate and discuss the prop-
erties of the source galaxies in Sections 5 and 6 and finally
conclude in Section 7. Throughout the paper, we use AB
magnitudes and circularised radii, calculate stellar masses
assuming a Chabrier stellar initial mass function (IMF), and
assume a flat ΛCDM cosmology with Ωm = 0.3 and h = 0.7.
2 DATA
As summarised by Auger et al. (2011), EEL candidates were
identified by searching the SDSS spectroscopic database for
spectra that could be decomposed into two ETG spectra at
different redshifts (similarly to the method emloyed by the
Sloan Lens ACS survey, SLACS; Bolton et al. 2006, though
the SLACS survey searched for emission lines in the back-
ground sources). SDSS imaging was used to reject lens can-
didates that were clearly resolved into two galaxies, and a
probability for lensing was determined based upon the veloc-
ity dispersion of the foreground galaxy. Fourteen candidates
were observed in the K′-band using NIRC2 with laser guide
star adaptive optics (LGS-AO) on Keck II over a range of
dates from August 2009 until May 2012, most as part of
SHARP, and all were confirmed as lenses. The data were
reduced as described by Auger et al. (2011), with images
taken using the wide camera drizzled to a scale 0.03′′/pixel
and those taken using the narrow camera drizzled to a scale
of 0.01′′/pixel. The zeropoints for these data were calibrated
against 2MASS photometry, which includes robust detec-
tions of all of the systems except J0913 and J1446. For these
two objects, we used observations of other targets observed
on the same nights and determined zeropoints for these
based upon 2MASS photometry, finding negligible scatter
throughout the nights.
These EELs were also observed using HST/ACS as part
of the programme GO 13661 (PI: Auger). Two dithered ex-
posures of duration ∼500 s were observed in the I-band
(F814W), and another set of two dithered exposures of
∼500 s were obtained in the V -band (F555W for sources at
redshift z < 0.55 or F606W for z > 0.55, in order to strad-
dle the 4000A˚ break). The ACS data were reduced using
Astrodrizzle and were drizzled to a scale of 0.05′′/pixel.
There are a small number of artefacts in the resulting im-
ages due to the limited number of exposures in each band,
and these are masked in the subsequent analysis. The posi-
tions on the sky of these fourteen systems are summarised
in Table 1, along with the redshifts of both source and lens.
3 LENS MODELLING
One of the main aims of this study is to robustly mea-
sure the sizes, morphologies and masses of the source galax-
ies in order to compare their size-mass relation with both
other galaxies at similar redshifts and high-redshift nuggets;
we therefore choose to model their light distributions using
elliptical Se´rsic profiles. An alternative would be to make
pixellated source reconstructions (e.g. Warren & Dye 2003;
Treu & Koopmans 2004; Koopmans 2005; Vegetti & Koop-
mans 2009) from which half-light radii could be measured.
However, this would add an extra level of uncertainty to the
final size and magnitude measurements and complicate the
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Figure 1. From left to right, we show the colour image combining all three bands of data and the residuals for the V , I and K′ bands,
for the best model (i.e., 1C/2C) for each system as given in Table 2. All cutouts are 3 arcseconds on a side.
interpretation of the sizes; nevertheless, for a small number
of systems, we do carry out inference based on pixellated
sources as a verification of our parametric lens models, but
we do not use these in the analysis. (We also make pixellated
reconstructions of all the EELs sources, and show these in
the Appendix.) Further, single-component Se´rsic profiles are
a standard way of modelling surface brightness distributions
for both lensed and unlensed galaxies at all redshifts (e.g.
Shen et al. 2003; Newton et al. 2011; van der Wel et al.
2014), so modelling our lensed sources in a similar way al-
lows a straightforward comparison with other studies (see
Marshall et al. 2007, for a discussion of the advantages and
limitations of parametric source modelling).
Equally, some sources with more complex light distribu-
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Figure 1 – continued c© 0000 RAS, MNRAS 000, 000–000
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Figure 1 – continued
tions may not be well described by single-component Se´rsic
models – for instance, those containing bars or bulges and
disks – and, from a lensing point of view, it is important
to verify that any residuals in the model are a result of
the shortcomings of the light profile that has been imposed,
rather than the mass model. Further, it is important to be
able to measure the total flux from the source and assess any
uncertainty or bias introduced by assuming a single Se´rsic
profile. For each system, we therefore create two ‘best’ mod-
els, the first using a single Se´rsic component for the source
(which we call a 1C or ‘one-component’ model) and the sec-
ond with two Se´rsic components (which we call a 2C or
‘two-component’ model); for some systems, the 1C model
allows us to describe the data down to the noise level, and
we do not create 2C models in these cases. For the fore-
ground galaxy, we also use either one or two components.
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EEL RA (deg) DEC (deg) zl zs
J0837 08:37:01.21 +08:01:17.89 0.4248 0.6406
J0901 09:01:21.25 +20:27:40.41 0.3108 0.5860
J0913 09:13:45.65 +42:37:30.81 0.3946 0.5390
J1125 11:25:13.89 +30:58:05.59 0.4419 0.6884
J1144 11:44:28.40 +15:40:39.36 0.3715 0.7050
J1218 12:18:06.67 +56:48:05.12 0.3177 0.6000
J1248 12:48:47.82 +47:11:05.81 0.3042 0.5276
J1323 13:23:59.07 +39:46:33.24 0.3192 0.4637
J1347 13:47:04.96 −01:01:03.57 0.3974 0.6289
J1446 14:46:30.20 +38:56:56.41 0.3175 0.5858
J1605 16:05:23.28 +38:11:53.95 0.3065 0.5418
J1606 16:06:07.09 +22:35:11.35 0.3810 0.6545
J1619 16:19:12.63 +20:24:27.97 0.3635 0.6132
J2228 22:28:40.80 −00:18:16.84 0.2387 0.4366
Table 1. Positions and redshifts, for both source and lens, of the
fourteen EELs.
In all models with more than one component for either the
foreground galaxy or the source, we require the two compo-
nents to be concentric, but allow their position angles and
ellipticities to be independent.
For each first Se´rsic component, we therefore have six
free non-linear parameters – (x, y, q1, φ1, Re,1, n1) – where
(x, y) gives the centroid, q1, φ1 describe the axis ratio and
position angle and Re,1, n1 describe the half-light radius and
index of the Se´rsic profile. For each second Se´rsic component,
we have four free parameters: (q2, φ2, Re,2, n2). We model
the lensing mass of the foreground galaxy using an ellipti-
cal power law distibution (calculating deflection angles ac-
cording to the prescription of Barkana 1998) and allow for
an external shear; while the simpler, more common singu-
lar isothermal ellipsoid (SIE) distribution has been shown
to provide a good approximation to the lens potential on
galaxy scales (e.g. Treu & Koopmans 2004), our focus is on
measuring reliable and robust sizes and we therefore want to
eliminate as much potential bias in our source models as pos-
sible. Our mass model therefore has eight free parameters –
(xl, yl, ql, φl, REin, η, γext, φext) – where (xl, yl) describe the
centroid of the mass, ql, φl give its axis ratio and position
angle, REin, η give the Einstein radius and the power law
index of the 3D density profile ρ ∝ r−(η+1) and γext, φext
give the magnitude and position angle of an external shear.
We do not require the mass and light of the lens galaxy to
be concentric or aligned.
For a given set of these non-linear parameters, we deter-
mine the linear amplitude of each surface brightness compo-
nent by evaluating the foreground galaxy profile in the image
plane and the source galaxy profile in the source plane, given
the deflection angles of the mass model. We do not subtract
the foreground galaxy light prior to the modelling due to the
covariance between the foreground and background light.
These are especially covariant in the EELs as compared to
other lens systems due to their generally small Einstein radii
and similar colours, which result in a very large amount of
overlap between the source and lens light.
The model is then convolved with the point-spread func-
tion (PSF); for the HST images, we use a nearby unsatu-
rated star for the PSF in each band, whereas for the K′
band data, with an unstable PSF and often with no refer-
ence star in the field of view, we model the PSF as the sum
of three (concentric but not aligned) elliptical Gaussian pro-
files, and infer the properties of these Gaussians along with
the other model parameters. We then use a non-negative
least squares linear inversion to find the best combination
of the foreground lens and background source light compo-
nents and a uniform background component, and thereby
calculate the likelihood for the data ~D, given the non-linear
parameters of the model ~M , as
lnL( ~D| ~M) = −1
2
∑
i
(di −mi
σi
)2
(1)
where di,mi, σi are the i
th pixel in the data image, model
image and noise map respectively, and the sum is over all un-
masked pixels (for some systems, bright interloping objects
must be masked by hand). Given uniform priors on all the
non-linear parameters, we can then infer the posterior distri-
bution, p( ~M | ~D), of the model given the data in a Bayesian
way using a Markov Chain Monte Carlo (MCMC) explo-
ration. To ensure that the parameter space is fully explored
when the posterior is not necessarily uni-modal, we use the
parallel-tempered version of emcee (Foreman-Mackey et al.
2013) with three temperatures.
We begin by modelling the HST V and I bands jointly,
requiring the light and mass profiles to be the same in both
filters (accounting for their different PSFs and spatial shifts
between bands), and allowing each surface brightness com-
ponent to contribute a different amount to the flux in each
filter. We then model the K′ band separately, fixing the lens-
ing galaxy’s mass and light profiles to those inferred from the
HST data and inferring the PSF and the source profile. The
impetus for remodelling the source in the K′ band, but not
the foreground galaxy, is that we are particularly interested
in the structure of the potentially nugget-like source galax-
ies here, including the possibility that they might exhibit
strong colour gradients due to ongoing or recent evolution,
which would lead to smaller measured sizes in the K′-band.
We test this rationale by creating models for a subset of
the EELs in which we also fix the source profile, and infer
just the PSF, and find that the residuals are considerably
worse in a number of cases. We additionally create models
in which the foreground galaxy light profile is also allowed
to change (though the mass remains fixed), and recover a
posterior distribution that is consistent with the HST mod-
els. In our analysis of the size-mass relation, we opt to use
the sizes from the HST data, as these are generally more
robust since they are not dependent on any inference on the
PSF.
We also create models in which the three bands are
fitted simultaneously. In this case, we infer the lens mass
and light profiles, which are the same in all filters, as well as
the K′ band PSF and the source profile, where the latter is
now a single Se´rsic component with a wavelength-dependent
effective radius given by
log(Re/arcsec) = αR log(λ/6000A˚) + βR (2)
for wavelength λ. This model therefore allows for colour gra-
dients while modelling all three bands in a consistent way,
and provides an important consistency check for our inferred
mass profiles. It is also informative as a further way of dis-
tinguishing between different red nugget growth scenarios
c© 0000 RAS, MNRAS 000, 000–000
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(e.g. Fan et al. 2010; Wuyts et al. 2010; Hilz et al. 2013;
Ishibashi et al. 2013) which make distinct predictions for
the extent and colours of the stellar populations that should
be observed. These models are treated separately in Section
6.3.
4 MODELLING RESULTS
The results of our lens modelling are summarised in Ta-
bles 2 (mass models) and 3 (source models). We omit the
lens J1248 because the lensing galaxy is clearly an edge-on
disky galaxy and we find that the elliptical power law plus
external shear mass model does not adequately describe the
lensing potential. For the sources, we present the V IK mag-
nitudes, the effective radii Re, and Se´rsic indices for both 1C
and 2C models, and the axis ratio q for the 1C model. Since
we are primarily interested in the source properties in this
study, we do not include the inference on the foreground
galaxy light distributions here; these will be presented in a
future work. We then present the images, models and signal-
to-noise residuals for each EEL in the three bands in Fig-
ure 1.
While our focus is to create reproducible 1C models
which are easy to interpret and compare with other studies,
a number of systems presented peculiar features during the
modelling process which required small changes to the main
model, or simply offered interesting insights into the sys-
tems. These are summarised in the Appendix. For a number
of these, we also created pixellated models of the source, us-
ing techniques similar to those described in Vegetti & Koop-
mans (2009), subtracting our best parametric model for the
foreground galaxy and inferring the lensing mass distribu-
tion and regularisation. Where appropriate, these are also
explained in the Appendix.
4.1 Accurately modelling the EELs
In some cases, the reason for the failure of the 1C model
is readily apparent. J1606, for instance, is dominated by a
disk but also has a very prominent bulge which the single-
component model simply cannot reproduce, and the same is
true for J1446’s disk; more generally, we point out that the
one-component models tend to fail where the surface bright-
ness profile is particularly extended or has a low-surface-
brightness envelope, in which case the Se´rsic index becomes
large in an attempt to describe both the bright, compact
central structure and the extended brightness at larger radii.
This raises an important point: the surface brightness struc-
tures of galaxies are generally much more complex than sin-
gle Se´rsic profiles, and the fact that our sources are lensed
and therefore imaged with excellent resolution, given their
redshifts, means that we cannot get away with overly simple
models here. We test the degree of complexity that seems
to be required by adding third components to our models,
and find that these tend to be poorly constrained and asso-
ciated with very small amounts of flux. It seems, then, that
double Se´rsic profiles are adequate – and usually necessary
– to describe a typical EEL source.
An added complication in the modelling of these sys-
tems is that the surface brightness profiles of both fore-
ground and background galaxy are unknown, and are pre-
EEL log(M?/M)
lens source
J0837 11.08± 0.10 11.67± 0.04
J0901 10.88± 0.04 11.19± 0.04
J0913 10.93± 0.04 11.30± 0.08
J1125 11.49± 0.04 11.01± 0.06
J1144 11.02± 0.06 11.57± 0.05
J1218 11.02± 0.07 11.63± 0.05
J1323 10.51± 0.21 11.21± 0.06
J1347 10.78± 0.15 11.12± 0.08
J1446 10.80± 0.07 11.11± 0.09
J1605 11.00± 0.07 11.09± 0.09
J1606 11.25± 0.01 11.48± 0.06
J1619 11.00± 0.08 11.47± 0.12
J2228 10.25± 0.53 11.26± 0.05
Table 4. Stellar masses for the lens and source galaxies, inferred
from the photometry using the BC03 SPS models and assuming
a Chabrier IMF.
sumably comparable in both colour and brightness; it is
therefore possible that they are degenerate. We find, how-
ever, that this is generally not the case when both are mod-
elled simultaneously, though it is possible that modelling in
which the source is first masked and the foreground light
modelled separately and then subtracted could be problem-
atic due to the small Einstein radii of these systems.
On the other hand, we do find that the robustness of the
inference on the light profiles relies on carrying out the mod-
elling using image cutouts which capture a sufficient fraction
of the light, and that this fraction is surprisingly large: our
final cutout radius is ∼ five times the effective radius of
the largest Se´rsic component in the foreground+background
model (typically ∼ 5′′), and we find that modelling the same
system on smaller cutouts leads to systematically different
inference on the Se´rsic indices, with a larger number of fore-
ground galaxies having components with n < 1, and the
source galaxies having systematically larger n. Both of these
cases increase the amount of light at large radii, beyond the
extent of the cutout, where it cannot be penalised by data.
This emphasises the necessity of modelling the full region
surrounding the lens system, in spite of the small Einstein
radii of the EELs.
5 SOURCE GALAXY PROPERTIES
The combination of high-resolution imaging with the mag-
nification due to lensing means that the EELs sources can
be resolved in great detail. In this Section, we present in-
ference on their stellar masses and their size-mass relation,
and point towards some characteristic features in their mor-
phologies relative to those of the low-redshift SDSS galaxy
population.
5.1 Stellar masses
As the EELs were originally identified in SDSS, each com-
bined source+lens system also has measured ugriz photom-
etry in the SDSS database, and we can use this in addition
to our V IK photometry to make inference on the physi-
cal properties of both source and lens. We do not use their
2MASS photometry, as this gives little extra information
c© 0000 RAS, MNRAS 000, 000–000
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EEL zl zs REin (arcsec) η qlens φlens (deg) γext φext (deg) N
J0837 0.4248 0.6406 0.56± 0.01 1.20± 0.01 0.76± 0.01 29.80± 1.18 0.06± 0.01 −116.96± 0.59 1C
J0901 0.3108 0.5860 0.67± 0.01 1.07± 0.01 0.82± 0.01 5.51± 1.29 −0.04± 0.01 12.35± 1.88 1C
J0913 0.3946 0.5390 0.42± 0.01 1.24± 0.02 0.79± 0.02 −121.25± 2.24 0.04± 0.01 −35.66± 3.45 2C
J1125 0.4419 0.6884 0.86± 0.01 0.96± 0.02 0.92± 0.01 112.54± 1.94 0.08± 0.01 97.52± 0.52 2C
J1144 0.3715 0.7050 0.68± 0.01 1.08± 0.02 0.75± 0.02 −57.30± 0.90 −0.04± 0.01 30.15± 3.16 2C
J1218 0.3177 0.6000 0.68± 0.01 1.11± 0.01 0.81± 0.01 −37.48± 2.06 −0.02± 0.01 −87.30± 4.68 1C
J1323 0.3192 0.4637 0.31± 0.01 1.01± 0.01 0.76± 0.01 −66.18± 2.14 0.02± 0.01 11.25± 8.06 1C
J1347 0.3974 0.6289 0.43± 0.01 1.23± 0.00 0.62± 0.00 90.29± 0.38 −0.01± 0.01 −64.55± 4.40 2C
J1446 0.3175 0.5858 0.41± 0.01 1.44± 0.02 0.79± 0.01 −73.50± 1.31 0.01± 0.01 66.29± 7.27 2C
J1605 0.3065 0.5418 0.64± 0.01 1.25± 0.02 0.67± 0.02 98.76± 1.66 0.06± 0.01 −26.92± 3.69 2C
J1606 0.3810 0.6545 0.52± 0.01 1.21± 0.01 0.62± 0.01 −53.91± 0.96 0.09± 0.01 25.81± 1.73 2C
J1619 0.3635 0.6132 0.50± 0.01 1.28± 0.03 0.97± 0.02 −68.87± 16.58 −0.06± 0.01 −34.39± 2.21 2C
J2228 0.2387 0.4366 0.60± 0.01 1.12± 0.01 0.96± 0.01 −59.87± 7.59 −0.06± 0.01 1.59± 2.01 2C
Table 2. A summary of the lens models, inferred using the HST V - and I-band data, with statistical uncertainties. We present the lens
and source redshifts (measured from the SDSS spectra), the Einstein radius in arcsec, the power-law index η, the ellipticity and position
angle of the lens and the magnitude and position angle of the extrnal shear. The final column denotes the ‘best’ model for each system,
which is either 1C (one Se´rsic component) or 2C (two Se´rsic components).
2C 1C 2C
EEL mV (mag) mI (mag) mK′ (mag) Re (kpc) n q Re (kpc) nenv nbulge B/TI
J0837 21.31±0.02 19.63±0.02 18.07±0.03 4.42± 0.27 4.73±0.19 0.50±0.01 – – – –
J0901 22.08±0.02 20.48±0.02 19.52±0.03 3.26± 0.19 5.11±0.14 0.72±0.01 – – – –
J0913 22.12±0.02 19.97±0.02 18.21±0.03 4.68± 0.29 4.83±0.13 0.55±0.01 4.11±0.17 3.13±0.34 6.78±1.23 0.72±0.05
J1125 23.41±0.02 21.85±0.02 19.83±0.03 4.32± 0.46 6.24±0.29 0.71±0.01 1.17±0.02 0.92±0.06 3.06±0.46 0.71±0.06
J1144 21.19±0.02 19.77±0.02 19.01±0.03 8.54± 0.68 6.85±0.19 0.83±0.02 9.64±0.28 0.94±0.07 4.08±0.19 0.61±0.06
J1218 21.12±0.02 19.59±0.02 17.89±0.03 6.79± 0.33 4.66±0.09 0.66±0.01 – – – –
J1323 21.83±0.02 19.96±0.02 17.35±0.03 1.82± 0.11 4.97±0.22 0.51±0.01 – – – –
J1347 22.27±0.02 20.91±0.02 19.74±0.03 3.96± 0.33 8.51±0.34 0.89±0.02 5.39±0.49 1.29±0.19 8.09±0.40 0.40±0.05
J1446 22.23±0.02 20.71±0.02 18.96±0.03 2.50± 0.09 4.13±0.09 0.53±0.01 1.59±0.04 0.50±0.02 3.98±0.23 0.47±0.07
J1605 22.62±0.02 20.44±0.02 18.38±0.03 3.36± 0.13 4.16±0.09 0.71±0.01 2.56±0.05 1.18±0.08 2.73±0.31 0.72±0.06
J1606 21.57±0.02 19.93±0.02 17.91±0.03 15.91± 0.42 8.40±0.11 0.24±0.00 3.12±0.12 0.53±0.01 7.74±0.28 0.26±0.04
J1619 21.17±0.02 19.64±0.02 18.51±0.03 7.32± 0.73 6.17±0.23 0.69±0.01 5.24±0.20 1.49±0.15 5.07±0.35 0.44±0.08
J2228 21.27±0.02 19.60±0.02 18.61±0.03 12.32± 0.77 9.41±0.19 0.80±0.01 4.15±0.08 0.66±0.03 4.65±0.23 0.52±0.05
Table 3. A summary of source galaxy properties, with statistical uncertainties. Columns 2-4 give the unlensed mV , mI and mK′
apparent magnitudes, calculated for the ‘best’ model (i.e. 1C or 2C, as given in Table 2). Columns 5 - 7 give the effective radius, Se´rsic
index and axis ratio for the one-component models. Columns 8 - 11 give the corresponding properties of the two-component models
(where they exist): here, the effective radius is that containing half the total (summed) light, taking into account both components. nenv
and nbulge are the Se´rsic indices of the envelope-like and bulge-like components and B/TI is the bulge-to-total ratio measured in the
I-band.
alongside our NIRC2 photometry (which also has the ad-
vantage of giving magnitudes for lens and source separately,
unlike the 2MASS and SDSS photometry, and thus helps
to break the degeneracy between source and lens light). We
also reject the SDSS u-band photometry, as it has very large
uncertainties due to the lack of flux from ETGs at such
blue wavelengths. Note that, for objects with V IK photom-
etry based on two-component models, we infer total stellar
masses using the total magnitudes, rather than assigning
each component its own mass; this is because our Se´rsic
profiles are only parameterisations of the light distribution
and do not necessarily represent two distinct physical com-
ponents.
We then infer the stellar masses of both source and
lens galaxy using the composite stellar population synthesis
models of Bruzual & Charlot (BC03, 2003). Our code uses
these models to compute the magnitudes, for a specified set
of filters and redshift, on a grid of stellar age T , metallic-
ity Z, dust extinction τv and time constant τ of an expo-
nentially decaying star formation history, and constructs a
spline interpolation model which allows magnitudes to be
evaluated at arbitrary points within the grid. In this ap-
proach, we follow the methods developed by Auger et al.
(2009). We then explore the posterior probability distribu-
tion of these parameters, along with the stellar masses of
the two objects, by MCMC sampling, noting that, as we
are combining photometry for the separated source and lens
light (from HST and Keck) with photometry for the com-
bined system (from SDSS), the likelihood is non-linear in the
logarithms of the lens and source masses M∗. We use uni-
form priors on T , τ , log τv, logZ and logM∗ for each object
and model the source and lens photometry simultaneously,
as stated previously. As discussed by Auger et al. (2009) and
Newton et al. (2011), despite large degeneracies between a
number of the parameters – such as T and Z, and T and
τ – the stellar masses are not significantly affected by these
degeneracies and this makes it possible to constrain them
with uncertainties of ∼ 0.05− 0.1 dex for a given IMF. We
adopt a Chabrier IMF, in keeping with previous studies of
the size-mass relation (e.g. Shen et al. 2003; van der Wel et
al. 2014), but note that the use of a Salpeter IMF – which
recent evidence suggests may be more suitable for massive
ETGs (Auger et al. 2010; Conroy & van Dokkum 2012) –
would increase the stellar masses by a factor of ∼1.7. The
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Figure 2. The size-mass relation for source galaxies (blue) and lens galaxies (red). Left: 1C models, with the size-mass relations for
the global ETG population from van der Wel et al. (2014) plotted for reference. The size-mass relation for the source population is well
below the van der Wel et al. (2014) relation across a large part of the mass range. Right: 2C models, with the criteria for compactness
used in Barro et al. (2013) and van Dokkum et al. (2015) plotted for reference in addition to the van der Wel z = 0.75 relation with
its intrinsic scatter. Also plotted are the red nugget populations from Taylor et al. (2010), Damjanov et al. (2009) and van Dokkum et
al. (2008), which suggest an evolution towards increasing size at lower redshifts. Our source galaxies are much more consistent with this
trend within the red nugget populations, whereas the lens galaxies are consistent with the global population (though they span a very
small range in stellar mass).
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Figure 3. Recovering the intrinsic size-mass distribution of compact galaxies. Left: the intrinsic size-mass relation (dotted line) at a given
stellar mass is modified by the bias introduced by differential magnification (dashed line) to yield the overall probability of observing an
EEL source with a particular stellar mass and effective radius (solid line). Right: The intrinsic size-mass relation (here for 2C models)
is shallower than the observed relation. Relative to the z = 0.75 van der Wel et al. (2014) relation, it is offset to smaller sizes but has a
consistent slope.
model αSM βSM σSM µSM τSM
observed relation
1C 0.16+0.27−0.44 1.27
+0.90
−0.55 0.11
+0.11
−0.08 11.45
+0.08
−0.08 0.18
+0.10
−0.08
2C 0.07+0.25−0.40 1.44
+1.15
−0.71 0.13
+0.11
−0.09 11.33
+0.08
−0.08 0.13
+0.09
−0.07
intrinsic relation
1C 0.36+0.11−0.11 0.83
+0.22
−0.23 0.19
+0.06
−0.04 11.43
+0.08
−0.08 0.28
+0.07
−0.05
2C 0.28+0.10−0.09 0.87
+0.24
−0.25 0.18
+0.05
−0.04 11.32
+0.07
−0.07 0.24
+0.07
−0.05
Table 5. Inference on the size-mass relation for the source galaxy population, for 1C and 2C models. The parameters correspond to
those defined in Equations 3 and 4; we model the sources as following the linear relation log(Re/kpc) = βSM log(M?/10
11M) + αSM
with an intrinsic scatter σSM in the logRe direction, and allowing the masses to be drawn from an underlying Gaussian distribution
p(logM?) = N(µSM , τ
2
SM ).
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‘best model’ (i.e. 1C/2C) stellar masses for both sources and
lenses are presented in Table 4.
5.2 The observed size-mass relation
We use the half-light radii inferred from the lens modelling
and the stellar masses inferred from the photometry to con-
struct the size-mass relation for both 1C and 2C models for
the EELs sources. In this Section, we model the observed
relation, ignoring the selection function of the sample; we
then attempt to recover the intrinsic size-mass relation in
the following Section.
We model the observed size-mass relation of the source
population as a normal distribution,
log(Re/kpc) = N
(
βSM log(M?/10
11M) + αSM , σ
2
SM
)
,
(3)
accounting for covariance between the size and stellar mass
measurements, and treating the masses as being drawn from
an underlying normal distribution with mean µSM and stan-
dard deviation τSM ,
p(logM?) = N (µSM , τ2SM ). (4)
This is consistent with the fact that, as a result of the EELs
selection algorithm and the galaxy mass function, we do not
expect the parent distribution of stellar masses p(logM?) to
be flat. In this approach we follow the formalism presented
by Kelly (2007). We note that while, in what follows, we
model parent distributions using single normal distributions,
we have verified that our inference is robust against increases
in the number of normal distributions used.
The inferences for both 1C and 2C models are sum-
marised in Table 5, and the relations are shown in Figure 2.
For comparison, we also show the EELs foreground lensing
galaxies, though it is clear from the figure that this popu-
lation lacks the dynamic range in stellar mass to allow us
to identify any meaningful trends. It is interesting to note
that the sources have a larger mean mass than the lenses;
we find µSM = 11.03 (in units of log(M?/M)) for the lens
galaxies, which is 2 times smaller than the µSM = 11.32 that
we calculate for the 2C models of the sources. As the cross-
section for strong gravitational lensing scales approximately
with lensing mass, it is an expectation that the lens galaxies
will form a massive population. However, large masses for
the sources are not necessarily expected, and this arises here
as a result of the specific selection criteria for the EELs –
that is, detecting their spectra in the SDSS fibres requires
that they be bright, with (at least a magnified) flux compa-
rable to that of the lens galaxy. This underlines the fact that
the EELs sources, as well as the lenses, constitute a massive
population.
It can be seen from Figure 2 that the EELs sources are
compact. We also plot the fits to the size-mass relation from
van der Wel et al. (2014) – both at z = 0.25 and = 0.75,
which are chosen to bracket the redshifts of the EELs sources
– in the left-hand panel. Nearly all the sources lie distinctly
below these lines. For comparison, the lens galaxy sample
straddles the z = 0.25 size-mass relation, as might be ex-
pected given their average redshift z¯l = 0.35. In the right-
hand panel, we show the EELs lenses and sources alongside
the red nugget populations from van Dokkum et al. (2008),
Damjanov et al. (2009) and Taylor et al. (2010), which span
redshifts between z ∼ 2 and z ∼ 0, in addition to the com-
pactness criteria for classifying high-redshift nuggets used
by Barro et al. (2013) and van Dokkum et al. (2015) and
the global z = 0.75 size-mass relation of van der Wel et
al. (2014), along with its intrinsic scatter. Seen in this con-
text, the EELs source population appears to occupy a region
closer to the red nuggets rather than ‘normal’ ETGs.
We note, however, that the relations shown on this plot
are meant to define some sort of boundary between ‘com-
pact’ and ‘non-compact’ objects, with the former all lying
below it; our EELs sources are instead scattered above and
below these lines. Specifically, nine out of the thirteen sys-
tems would be classed as compact according to Barro et
al. (2013)’s criterion, whereas van Dokkum et al. (2015)’s
slightly stricter definition reduces this to seven – though,
due to differences in the two criteria at high and low masses,
these two subsamples do not completely overlap.
Given the distinct position in size-mass space of our
sources, in addition to the diversity of conflicting compact-
ness definitions that exist, we do not think it is valuable
to classify our sources in this way. Rather, we simply note
that they seem to be quite massive and significantly more
compact than the majority of ETGs at similar redshifts,
and may be better associated with the red nugget popula-
tion. For instance, they may represent red nuggets at some
intermediate stage of their evolution, caught in the act of
accreting matter. This is a possibility we consider in more
detail in Section 6.
5.3 The intrinsic size-mass relation
The EELs sample is subject to a non-trivial selection func-
tion which steepens the slope of the size-mass relation that
is observed. We now model this to recover the intrinsic size-
mass relation.
The selection function of the EELs sources is threefold.
Firstly, the source must be lensed by the foreground object;
this relates to the cross-section for lensing. Secondly, the in-
clusion of an EEL in the SDSS spectroscopic sample requires
the lens+source system as a whole to fulfil the criteria of the
SDSS target selection algorithm (Strauss et al. 2002), which
itself is non-trivial, though the main effect is that the sys-
tem is bright. Finally, the EEL must pass our spectroscopic
search, which is somewhat subjective but imposes criteria
such as the lensed source flux being comparable to the lens
galaxy flux and the redshifts of the two objects approxi-
mately satisfying 0.1 . z . 0.7. The combination of these
different conditions leads to some selection function which
modifies the intrinsic population of compact galaxies to the
population of EELs sources that we observe.
Of these three contributions, the latter two are difficult
to quantify and should not introduce any large bias into our
measurement of the size-mass relation, although they will
push us to the high-mass end of the relation. On the other
hand, the first – the lensing cross section – introduces a se-
lection function such that we are relatively more efficient at
selecting compact galaxies at lower masses. We can under-
stand this as follows: differential magnification introduces
a bias towards smaller objects (closer to the line-of-sight of
the lens), whereas, for a given size, there is no bias as a func-
tion of luminosity, and therefore stellar mass (above a limit
set by the latter two criteria discussed above; note also that
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this is not in contradiction with the well-known magnifica-
tion bias, which encodes the fact that the number density of
sources increases with decreasing brightness, and not that
the probability of a single object being lensed increases with
decreasing brightness). The result of this is that an object
of fixed luminosity becomes increasingly likely to be seen in
the lensed population relative to the intrinsic population as
it becomes more compact.
This effect is demonstrated by the dashed curve in the
left panel of Figure 3, which shows the magnification (which
we treat as a proxy for the probability of lensing) for the
EEL J0901 as a function of the effective radius of the source.
The shape of the curve shows that the bias is towards smaller
sizes (and therefore lower-mass objects). Of course, the prob-
ability of this lensing occurring in the physical Universe also
depends on the intrinsic distribution of stellar mass and size,
i.e. the intrinsic distribution of compactness, which, given
the stellar mass of an object, gives the probability distribu-
tion of that object having a particular effective radius and
which is what we ultimately would like to infer. In the fig-
ure, our final inference on this distribution (i.e. the intrinsic
size-mass relation, see below, evaluated at the stellar mass
of J0901) is shown by the dotted curve, and the correspond-
ing probability distribution of effective radii for the EEL,
given that it has been observed (i.e. the observed size-mass
relation, evaluated at the stellar mass of the EEL) is shown
by the solid black curve. Thus the intrinsic size-mass distri-
bution is modified by the bias introduced by lensing due to
differential magnification.
We use this setup to infer the underlying size-mass re-
lation, given the size-mass relation that we observe. We do
this using an MCMC exploration, positing an underlying
size-mass relation as in Equation 3, and using this to calcu-
late the probability that each EEL would be observed as a
function of radius. This gives a likelihood function for the
ith EEL
lnLi = −1
2
( log re,i − βSM logM?,i − αSM
σi
)2
− 1
2
ln(2piσ2i )
− 1
2
ln
( logM?,i − µSM
σM,i
)2
− 1
2
ln(2piσ2logM,i)− lnFi(re,i)
(5)
with dispersion for the ith EEL σ2i = σ
2
SM + ∆(log re,i)
2
for observational uncertainty ∆(log re,i); dispersion of the
underlying Gaussian distribution of stellar mass σ2M,i =
τ2SM+∆(logM?,i)
2; Fi(re,i) is the relative magnification (i.e.
the lensing probability, the dashed line in Figure 3) for the
ith EEL at radius re,i, and M?,i and re,i are measured in
units of 1011M and kpc, as before. The first term here is
the usual χ2 term and the second is its normalisation which
must be included in the likelihood calculation as it depends
on the intrinsic scatter σ2i , which is a model parameter. The
third and fourth terms describe the normal distribution of
the underlying parent distribution of stellar masses, and the
last term accounts for the bias due to lensing.
The right-hand panel of Figure 3 shows our inference
on the intrinsic size-mass relation (using the 2C models, but
the 1C models yield a consistent result), and the posteriors
are summarised in Table 5. We find that the intrinsic slope
is marginally shallower than the observed slope, and consis-
tent with the z = 0.75 van der Wel et al. (2014) slope, and
still offset to smaller sizes. It therefore seems that this pop-
ulation of compact galaxies has a size-mass relation which
is systematically offset from that of the global population.
5.4 Morphologies
As suggested in Section 5.2, the massive, compact nature of
the EELs sources, together with their intermediate redshifts,
may indicate that they are relic red nuggets, or red nuggets
caught in the act of evolving. Either way, the resolving power
of lensing allows us to characterise their morphologies in de-
tail and so attempt to distinguish between different models
of red nugget evolution (Fan et al. 2010; Hilz et al. 2013;
Ishibashi et al. 2013). To this end, in this Section we char-
acterise the morphologies of our EELs sources and compare
them with those of the global SDSS galaxy population. Fol-
lowing this, we compare them with other red nuggets (the
subject of Section 6.1) and predictions for red nugget growth
(Section 6.2).
First, we compare the EELs sources with the global
SDSS galaxy population using the bulge+disk decomposi-
tion catalogue of Simard et al. (2011). This provides fits to
a sample of roughly 1.1 million galaxies from SDSS DR7 us-
ing three different models: a pure Se´rsic model (equivalent to
our 1C models), an nbulge = 4 and exponential disk model,
and an nbulge = free and exponential disk model (compara-
ble, but not equivalent, to our 2C models). Specifically, we
ask the question, Do the EELs sources have any distinguish-
ing features relative to the global galaxy population?
We find that the distributions of axis ratios and Se´rsic
indices for our 1C models are both consistent with the global
population. Though our sample size is small, Kolmogorov-
Smirnov (KS) tests in both cases do not allow us to reject the
null hypothesis that both the EELs sources and the Simard
et al. (2011) galaxies are drawn from the same distribution.
We note, however, that all of our sources have n1C & 4,
which seems to indicate that all have significant bulge com-
ponents – that is, none are purely disky. These two null
results are interesting in light of the finding of a high inci-
dence of flattened and disky objects in the Stockton et al.
(2014); Hsu et al. (2014) samples of low-redshift red nugget
relics, and will be revisited in Section 6.1.
On the other hand, we find a much higher proportion
of EELs sources needing two-component models relative to
that in the Simard et al. (2011) catalogue. First, we note
that nine out of thirteen (∼ 70%) of our sources require
two-component models in order for the data to be described
down to the noise; in contrast, the Simard et al. (2011)
catalogue provides a probability p(Ps) that a bulge+disk
decomposition is not needed over the pure Se´rsic model,
and indicates that objects with p(Ps) < 0.3 may be treated
as requiring a bulge+disk decomposition whilst those with
p(Ps) > 0.3 may be considered spheroidal. We use this to
classify the galaxies in their sample and find that only∼ 20%
fall into the bulge+disk category. This is particularly strik-
ing given that the Simard et al. (2011) catalogue contains
spiral galaxies in addition to ETGs (they do not apply mor-
phological cuts), whereas our EELs sources are all ETGs.
This seems to indicate a significant morphological difference
between the ETGs in the two samples, with our galaxies
being much more likely to have a flatter, more extended
component in addition to the central bulge. This is further
underlined by the distribution of Se´rsic indices that we infer
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for our 2C model ‘flattened’ components, for which nenv < 1
in all but three cases and nenv < 1.5 in all but one case.
We do not require the second Se´rsic component to be flat-
tened and it is entirely possible for objects to require two
relatively spheroidal components, e.g. oriented at different
angles or with particular combinations of n and Re to re-
produce their structures, so the fact that all our 2C models
yield a flat component is further evidence that these objects
tend to have disks or envelopes surrounding their central
cores. This is a finding we will return to in Section 6.2 in
the context of red nugget growth.
6 DISCUSSION
6.1 Are the EELs sources red nugget relics?
Previous studies of red nugget morphologies have been car-
ried out at high redshift by van Dokkum et al. (2008), and
of intermediate-redshift red nugget relics by Auger et al.
(2011), Stockton et al. (2010, 2014) and Hsu et al. (2014).
One general finding of the lower-redshift work was that large
proportions of their samples required two-component Se´rsic
models to describe the data satisfactorily, and that these
two-component models generally implied disky morpholo-
gies. In this respect, our results are in accord: we also find
nine out of the thirteen EELs to require two-component
models. However, many of the two-component models of
Stockton et al. (2010, 2014) and Hsu et al. (2014) differ
strikingly from ours in that, for nearly all their objects, the
Se´rsic indices of both components are consistently low – with,
for instance, five out of the seven systems in Stockton et al.
(2014) having both components with n < 1.6. While the
Hsu et al. (2014) sample finds more of a range of morpholo-
gies – possibly due to their larger sample size – they also
classify twelve out of their twenty-two (55 %) objects as
disk-like, with only two of these twelve exhibiting convinc-
ing bulges. The Se´rsic models of van Dokkum et al. (2008)
are also in line with this, with their nine objects having
generally low Se´rsic indices ranging between 0.5 < n < 4.5
(though they do point out the uncertainty inherent in mea-
suring galaxy structure at those redshifts). This is extremely
different from what we report in Section 5.4, and suggests
a paradigm in which ETGs are originally disky and become
more spheroidal over time; though we have a large number
of galaxies with some kind of outer envelope or disk, these
are all accompanied by bulge-like components with n > 4,
lending themselves very naturally to the interpretation that
originally spheroidal galaxies, assembled at high redshift,
have grown by accreting matter at large radii.
This difference is surprising, and may suggest that the
EELs sources are not drawn from the same population as
these other objects. As those studies were particularly fo-
cussed on high-redshift nuggets, or relics of high-redshift
nuggets, it may be the case that the EELs sources represent
the more evolved counterparts of theirs. On the other hand,
the difference may be the effect of our different search meth-
ods and selection criteria. In particular, the intermediate-
redshift studies used IR photometry in addition to SDSS
data in order to identify compact candidates, whereas we
extract our compact galaxies from SDSS using strong lens-
ing. Alternatively, it may be the case that the models in
these previous studies were subject to larger uncertainties
in their structural parameters than thought or that they
were systematically underestimated. Indeed, van Dokkum
et al. (2008) do note the difficulty in determining the mor-
phologies of such small, distant objects; this is a problem
that is still present to some extent at the redshifts probed
by Stockton et al. (2014) and Hsu et al. (2014), but which
is mostly mitigated in our analysis by virtue of the fact that
our sources have been lensed. At this stage, it is not possible
to discriminate between these possibilities and so the picture
remains complex. What is clear, however, is that compact
ETGs at intermediate redshifts have a range of morphologies
and may be at different stages in their evolution.
6.2 Are the EELs sources evolving red nuggets?
It is possible that the EELs sources are not relic red nuggets,
but the descendants of red nuggets, caught in the middle of
their evolution. If so, we should be able to interpret their
characteristics in the context of red nugget evolution.
We have shown the EELs sources to have Se´rsic indices
that are generally consistent with the global distribution –
though possibly under-representing the low-n tail – when
modelled using single components, while two-component
models almost always have a low-n component in addition to
a bulge. This is at least qualitatively consistent with the sim-
ulations of Hilz et al. (2013), which considered the growth
of ellipticals via minor mergers and found this to lead to
inside-out growth, with the central density remaining rela-
tively unaffected while matter is accreted in the outer parts,
such that the bulge becomes embedded in an envelope of
accreted matter.
The minor-merger-driven expansion scenario of Hilz et
al. (2013) also predicts that the stars added at large radii
should be metal-poor. In Section 6.3, we find negative colour
gradients for nearly all the EELs sources, with the outskirts
being bluer than the central regions; however, without spec-
tral information we cannot say whether these gradients are
being driven by age (with younger stars at larger radii) or
metallicity (with metal-poorer stars at larger radii). It is
therefore difficult to interpret this finding in the context of
the action of mergers. Interestingly, one other prediction of
those simulations is that the central dark matter fraction
should undergo strong evolution with redshift (from ∼ 40%
at z = 2 to & 70% today); estimating the dark matter frac-
tions of our EELs sources from the stellar kinematics would
be a useful further test of this scenario, and is something we
plan to do in a future work.
We note that there are a number of alternative expla-
nations for red nugget growth, including the AGN-feedback-
driven scenario proposed by Ishibashi et al. (2013), which
allows radiation pressure to trigger star formation at large
radii, and the quasar-driven ‘puffing-up’ scenario proposed
in Fan et al. (2008), which has the expulsion of gas from
the inner regions to the outskirts responsible for size evo-
lution in these systems. These models may also lead to the
bulge+envelope morphologies that seem to characterise the
EELs sources; however, they do not as of yet make any quan-
titative predictions that would allow a more direct compari-
son with our data and we therefore do not comment on them
any further here. We emphasise that even our small sample
reveals a diversity of morphologies. This may indicate that
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we are seeing objects at various stages in their evolution, but
may also be evidence for the range of evolutionary mecha-
nisms that are at work.
6.3 Colour gradients and inside-out growth
A general prediction of the hierarchical formation scenario
for massive galaxies is that the gradual accretion of younger,
lower-metallicity stars from lower-mass satellites should lead
to negative colour gradients across the galaxy, with the cen-
tral parts generally containing an old but more metal-rich
stellar population compared the outskirts. This has been ob-
served in a number of low-redshift ETGs (e.g. Franx et al.
1989; Peletier et al. 1990; Tamura & Ohta 2003; Kuntschner
et al. 2010; Tortora et al. 2010) and also in simulations (De
Lucia et al. 2006; Tortora et al. 2013). If red nuggets grow
significantly in size, they should represent extreme exam-
ples of inside-out evolution. The EELs sources, which may
be the descendants of these systems, therefore present an
ideal opportunity to test these expectations.
Recently, Tortora et al. (2016) placed the first con-
straints on colour gradients in compact ETGs using their
catalogue of 92 systems at redshifts z ∼ 0.2 − 0.7, enabled
by their high signal-to-noise KiDS dataset, and found pre-
liminary evidence for negative gradients, consistent with the
general ETG population. Here, we can exploit the magnifi-
cation of our nuggets due to lensing to further constrain the
colour gradients in our sample.
To do this, we create a new set of lens models in which
all three bands are modelled simultaneously. To limit the di-
mensionality of the inference, we fix the mass profile of the
lensing galaxy using our previous models (see Section 3),
and infer the light profiles of both lens and source and the
K′-band PSF. We assume the lens galaxy’s light profile to
be the same in each band but we allow the source to have a
wavelength-dependent half-light radius described by Equa-
tion 2. The location, ellipticity and position angle of the
source are required to be the same in all bands (though we
allow for an offset between bands due to imperfect image
registration), and we use a single Se´rsic component to allow
a straight-forward interpretation of the wavelength depen-
dence of the radius.
We find that ten out of twelve of the sources that we
were able to successfully model exhibit clear negative gradi-
ents, with a sample median α = −0.45 (and standard devi-
ation σ = 0.08); of the remaining two objects, one (J1347)
has a gradient consistent with zero and the other (J1144)
has a mildly positive gradient. We were not able to find a
satisfactory model for J1619 (see the Appendix) and exclude
it from the analysis. A range of gradients – mostly negative,
but some positive – was also noted by Tortora et al. (2016)
and taken to indicate the range of initial conditions which
can enable such objects to form; the properties of our sample
underline this result, though we suggest that it may also in-
dicate the diversity of evolutionary paths that these systems
can follow.
Interestingly, one object (J1125) has an extremely large
negative gradient αR = −1.83± 0.11, indicative of extreme
changes in the stellar population as a function of radius, and
therefore, potentially, a very extended period of accretion.
We note that our 1C model for J1125 had a high Se´rsic index
in the K′ band (n = 8.40 ± 0.98) as compared to the HST
bands (n = 6.24 ± 0.23), which is consistent with a picture
of the bulge being especially bright in the red, with faint,
extended wings, and less bright at blue wavelengths relative
to the wings. The very compact bulge size in J1125’s 2C
model is also interesting, and it may be that we are seeing
an extreme case of inside-out growth in this system.
Finally, we investigate the correlations of the colour
gradients – characterised by αR – with redshift zs and
stellar mass M?, in each case modelling the correlation as
αR = aRX + bR for variable X (i.e., the redshift or stel-
lar mass) being drawn from a Gaussian distribution with
mean µX and standard deviation τX . As shown in the up-
per panel of Figure 4, we find the colour gradients to be
weaker (α less negative) at higher redshifts, and suggest that
this may be because colour gradients become imprinted over
time as more inside-out growth takes place. We also find
that the colour gradients are weaker at higher stellar masses
(lower panel); this may be the result of stellar populations in
merger events mixing being more efficient at higher masses
(Kobayashi 2004, but also see Tortora et al. 2009 for a sug-
gestion that strong quasar feedback at high redshifts could
be responsible for flattening out the colour gradients in high-
mass galaxies).
6.4 Growth in dense environments?
A number of low-to-intermediate-redshift studies of red
nuggets have suggested an important role for environment
in the formation and survival of massive compact galaxies.
Stringer et al. (2015) used cosmological simulations to track
the evolution of a sample of compact systems and found
that 94% became associated with larger structures – either
ending up embedded in clusters, or passing through such
structures at an earlier phase in their lifetimes. From an
observational point of view, Valentinuzzi et al. (2010a,b)
identified a significant fraction of cluster galaxies as mas-
sive and compact, both at 0.4 < z < 1.0 and locally at
0.04 < z < 0.07, while Poggianti et al. (2013) found the
fraction of nuggets in the field at 0.03 < z < 0.11 to be
a factor of three smaller than this (though we note that
the compactness criterion used in Poggianti et al. (2013) is
stricter than that in Valentinuzzi et al. (2010a,b)). The ques-
tion arises, then, as to whether we are able to characterise
the environments of the EELs source galaxies.
To that end, we investigate the SDSS galaxy population
in the regions local to each source. We note here that the
synthetic (i.e., as determined by the stellar population mod-
elling of Section 5.1) gri magnitudes for all thirteen EELs
sources imply that they would have been detected in the
SDSS r and i bands even if they hadn’t been lensed. For
each object, we query the SDSS photometric database to
identify all galaxies with projected separations less than 1.5
Mpc, photometric redshifts within 0.01 of the source redshift
and 0.5 < χ2 < 2 for the chi-squared value of the photomet-
ric redshift; the last criterion is intended to remove objects
with rogue redshifts from our count. For each source, we thus
obtain an estimate of the number of galaxies which could be
associated with it or become associated with it later on.
We then query the database to compile catalogues of ob-
jects with similar properties to each EEL, this time using
the same redshift criteria but requiring colours in the gri
bands to be within 0.2 magnitudes of our synthetic SDSS
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Figure 4. Inference on relations between the radial colour gra-
dients αR and source redshift (top) and stellar mass (bottom).
In both cases, we model the data as falling on a linear relation
αR = aX + b with some intrinsic scatter, with variable X drawn
from a Gaussian distribution with mean µ and standard deviation
τ . In both cases, we find a general trend that the radial gradients
become stronger at low redshift and low mass.
magnitudes for the source and imposing no cut on right as-
cension and declination. We call these the ‘twin’ catalogues,
and limit each one to 1000 objects. We then repeat the first
step for each object in each of the twin catalogues, querying
the SDSS database to estimate the number of possibly asso-
ciated galaxies. This allows us to compare the distribution
of associated galaxies for objects in an EEL’s twin cata-
logue with the number of associated galaxies for the actual
EEL, and so determine whether or not the EEL is residing
in a particularly under- or over-dense environment with re-
spect to other similar galaxies. We find all the EELs to be
consistent with their twin catalogues, suggesting that their
environments are typical of other SDSS galaxies at similar
redshifts and with similar intrinsic SEDs and luminosities.
This is in contrast to the suggestions of e.g. Valentinuzzi et
al. (2010a) (though see Morishita et al. 2016 for a recent re-
view), though we note that we cannot put strong constraints
on this using photometric redshifts alone.
7 SUMMARY AND CONCLUSIONS
A great deal of effort has gone into explaining the evolu-
tion of compact, massive ETGs at high redshifts into the
ETGs that we see in the local Universe. Proposed physical
mechanisms for this growth include repeated minor merging
and radiative or gas-driven AGN feedback (Fan et al. 2010;
Hilz et al. 2013; Ishibashi et al. 2013), each of which makes
particular predictions for the way in which these objects
should evolve structurally. One of the current challenges is
to identify compact objects at intermediate redshifts with
which to test these predictions. We have presented a new
class of ETG/ETG lenses, the EELs, and have used multi-
band photometry, exploiting the magnifying effect of lens-
ing, to model the source galaxies with unprecedented reso-
lution. These galaxies form a population of massive, com-
pact galaxies at redshifts z ∼ 0.4 − 0.7, and may there-
fore be intermediate-redshift relics of high-redshift nuggets
or partly-evolved nuggets. We have carried out a survey of
their structural properties so as to compare with the predic-
tions of various models for red nugget evolution, as well as
with other known or candidate low-redshift compact galax-
ies. Our general findings are as follows.
(i) The EELs sources form a massive, compact galaxy
population at redshifts z ∼ 0.4 − 0.7, lying systematically
below the size-mass relation of ETGs at these redshifts.
(ii) Generally, two Se´rsic components are needed to fully
characterise their surface brightness distributions. This indi-
cates complex (though smooth) morphologies and the pres-
ence of a bulge-like central component alongside a much
lower-n envelope-like component, both of which are com-
pact. Indeed, two out of our thirteen objects have clear,
compact envelopes. These may be the result of ongoing ac-
cretion onto the compact cores which are already in place at
high redshift, in line with an inside-out formation scenario
via repeated minor mergers. The diversity of structures that
we observe in our small sample highlights the strong evolu-
tion that these objects undergo at intermediate redshifts.
(iii) The EELs sources generally exhibit negative colour
gradients, with redder centres and bluer outskirts. While
we cannot disentangle the contributions from the age and
metallicity of the stellar populations, we note that accre-
tion of lower-mass galaxies with younger or lower-metallicity
stars would be consistent with this trend. We also find that
colour gradients are stronger at lower redshift and lower stel-
lar mass, in line with a picture in which low-redshift galaxies
have experienced more accretion and high-mass galaxies are
more efficient at mixing their stellar populations.
(iv) The EELs sources do not appear to occupy over-
dense environments with respect to other SDSS galaxies
with similar colours, luminosities and redshifts. This is con-
trary to suggestions that compact galaxies eventually be-
come embedded in groups or clusters, though we cannot
place strong constraints on this at present.
The lensing of these compact galaxies allows us to model
their structures in detail and so place constraints on sce-
narios for their evolution. As low-redshift relics start to be
discovered in increasing numbers, these constraints will be
valuable in order to understand the evolving number density
of these objects and the implications of this on our under-
standing of the local Universe. Furthermore, additional clues
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to their evolutionary history will be uncovered with spec-
troscopic observations to constrain the dynamics and stellar
populations of these galaxies, and we will investigate the
fundamental plane of these EELs sources in a forthcoming
analysis.
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APPENDIX A: INDIVIDUAL SYSTEMS
As explained in Section 4, some EELs presented unusual or
interesting features or were not well described by 2C models.
We summarise these systems here, and present pixellated
source reconstructions for all thirteen systems in Figure A1.
(i) While the source in J0837 appears fairly simple in
the K′ band, the HST data reveal a clear dip across the
middle of both arcs. Since this appears in both images, it
is much more likely to be related to the source as opposed
to any perturbations in the lensing mass (e.g. Koopmans
2005). We therefore assume this dip in the surface bright-
ness to be due to a dust lane in the source, and model it
using a second Se´rsic component which we require to have
a negative amplitude. This significantly improves the source
model, and suggests that this galaxy may have undergone
a recent merger. Our pixellated reconstruction – shown in
Figure A1 – also recovers this dust lane.
(ii) Neither the 1C nor the 2C model for J1125 was able
to fully account for the brightness of the lower arc of the
source. This is especially apparent in the I band residual
image, and indicates that even a double-Se´rsic profile model
may not be a good description of the source in this case.
Moreover, the bulge component of the 2C model has an ex-
tremely small effective radius Re = 0.24 kpc and a high
surface brightness (despite its small size, the bulge-to-total
ratio in the I band is still B/TI = 0.71); the more ‘ex-
tended’ component is also quite compact at Re = 1.49 kpc.
This suggests a bright compact source such as an AGN. Our
pixellated models similarly fail to fully describe the bright-
est pixels in the arc; since we optimise these models for a
regularisation which is constant across the image, this also
seems to suggest the presence of an extremely compact cen-
tral component which our regularisation may be smoothing
away. It is also possible that the central component may be
offset from the more extended one, either physically or due
to dust obscuration. This is apparent in the slight asymme-
try of the pixellated source, and may be an additional reason
why our concentric parametric models cannot fully describe
the data here. Indeed, when we relax this condition in our
parametric model, the two source components do become
offset by ∼ 1.3kpc, though the remaining properties of both
source and lens light profiles and the lensing mass profile
remain consistent with those of the concentric model.
(iii) As a check on our inference on the source structure,
we note that the K′ band image of J1347 has been mod-
elled previously by Auger et al. (2011), and we compare our
results for this object with the model reported in that study.
As here, Auger et al. (2011) also find that a two-component
fit is necessary to accurately model the surface brightness
distribution, and that the inferred size of the source signif-
icantly increases when the second component is included.
On the other hand, the total radius of our 2C model is
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Re = 3.96±0.33 kpc, which is significantly larger than their
1.1 kpc, and this difference is also seen in the inferred mag-
nification (compare our µ = 5.09 with their µ = 12). This
difference may be driven by differences imposed by the mod-
els or by the data, as the current analysis also includes the
ACS optical data. Also, Auger et al. (2011) required the
bulge component to follow a de Vaucouleurs profile with
n = 4, whereas we left this as a free parameter and found
n = 7.86, and this then has repercussions for the structure
of the envelope component: indeed, Auger et al. (2011) finds
a Se´rsic index of nenv = 0.6 which is substantially smaller
than our nenv = 1.44. We also infer a power-law mass profile
for the lensing galaxy with η = 1.23± 0.01, which is signifi-
cantly steeper than the SIE that was assumed in the earlier
work.
(iv) While the prominent disk in J1446 does not appear
to be lensed and therefore seems at first glance to be asso-
ciated with the lens galaxy, we find that 1C models with a
single source component and two lens galaxy components (in
which the second is highly flattened) are unable to provide
a good description of the data. Further, close examination
of the disk and the lens galaxy bulge reveals that the bulge
is in fact offset from the centre of the disk by ∼ 0.1 arcsec.
When we then create 2C models for this system, we find
that the second source component becomes highly flattened
and the model provides a very good description of the data.
We are therefore led to the somewhat surprising conclusion
that the disk is in fact associated with the source galaxy.
At source redshift zs = 0.58, the physical size of the disk is
actually rather small at Re = 1.69 ± 0.02 kpc, but because
it extends beyond the Einstein radius of the lens, the tips
of the disk are not lensed and retain their distinct disk-like
structure. The fact that this galaxy is clearly disky is inter-
esting in light of the various scenarios put forward for red
nugget growth and the finding by e.g. Stockton et al. (2014)
and Hsu et al. (2014) of a high fraction of flattened galaxies
in their moderate-redshift red nugget samples (as discussed
in Section 6).
(v) The source in J1606 also exhibits a clear disk, al-
though in this case it is almost totally lensed. Our 1C model
for this system is really just a model for the bulge compo-
nent and therefore provides a poor overall fit to the data;
for our 2C model, we find that neither a highly flattened
Se´rsic nor an exponential disk profile can provide entirely
satisfactory fits to the disk component, and we therefore
implement the second source component as a boxy bulge,
with a highly flattened Se´rsic profile and circularised radial
coordinate given by rc = (qx)c+ (y/q)c where c is a free pa-
rameter in the model, with c < 2 indicating a diskiness and
c > 2 indicating boxiness. We find c = 3.44± 0.20, implying
that the source in this system has a strong bar-like central
surface brightness distribution.
(vi) While it is straightforward to find a good model for
the V band image of J1619 – where the signal-to-noise ratio
is lowest – models which describe both the V and the I bands
tend to leave unsatisfactory residuals in both filters, with
an undersubtracted ring of flux at the Einstein radius and
a slightly oversubtracted bulge component. Our pixellated
source reconstruction indicates a significant asymmetry in
the source which may explain this as a limitation of our
Se´rsic models. On the other hand, the pixellated model also
has poor residuals, which suggests that the mass model may
be at fault. For instance, there may also be a faint or dark
perturber along the line of sight which our model does not
include.
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Figure A1. Pixellated reconstructions for the thirteen EELs analysed here. From left to right, we show the V -band image, the signal-
to-noise residuals and the reconstructed source. Note that these are not fitted models, but reconstructions of the source based on the
lens models inferred using parametric source models. These reconstructions generally confirm that the sources are smooth, though they
also recover the dust lane feature in J0837 and the disk features in J1446 and J1606.
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Figure A1 – continued
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Figure A1 – continued
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Figure A1 – continued
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